ABSTRACT: The present study reports about the pultrusion of a carbon fiberreinforced PA12 yarn containing discontinuous carbon and polyamide fibers. This is the first attempt to pultrude this material. Rectangular cross sectional profiles have been successfully produced using a self-designed pultrusion line. In a series of experiments, the pultrusion parameters, such as preheating method, die temperature, and especially the pulling speed, which represents a determining factor regarding a potential industrial application, are varied.
INTRODUCTION P
ULTRUSION IS ONE of the sectors of the composite industry, which is growing steadily. Compared to the common composite production process, it offers the advantage of continuous production of profile with a constant cross section. Until now the process has been quite exclusively developed for thermosetting matrices, however, thermoplastic pultrusion shows a growth of interest, and considerable effort has been made over the last decade. This can be explained by certain advantages associated with thermoplastics, e.g., good mechanical performance, high temperature resistance, good chemical resistance, good recyclability, and their ability to be post-shaped [1] [2] [3] .
The main problem while using thermoplastic matrices lies in the full impregnation of the fiber reinforcement, due to the high matrix melt viscosities. To overcome this problem, the distance of the polymer melt flow to the fiber reinforcement should be reduced. A large number of semifinished products has been developed where the matrices and reinforcement fibers are closely mingled, for instance in pre-impregnated tapes, hybrid yarns, or powder-impregnated bundles. Nevertheless, some difficulties still remain to achieve a good mingling of the matrix with the reinforcing fibers.
Recently, two companies have successfully developed new thermoplastic systems suitable for pultrusion. In both the cases, the matrix or resin used exhibits low viscosity, which enables a good flow between the reinforcing fibers and also a good wet out of the fiber, comparable with its thermoset counterparts. The end product, however, possesses the properties of the thermoplastic. The fulcrum pultrusion technology developed by Dow Chemical is based on a thermoplastic polyurethane [4, 5] while Cyclics Corporation (Rensselaer, NY) uses a cyclics CBT resin, which polymerizes into poly(butylene terephthalate) (PBT) [5, 6] .
Some examples of experimental studies on the pultrusion process using different kinds of fiber-reinforced thermoplastics are given in [7] [8] [9] [10] [11] [12] [13] [14] [15] . The process parameters having an important effect on the properties of the pultruded composites, were found to be the pulling speed, the preheating section, and the cooling rate [9, 12, 15] .
In this study, the suitability for thermoplastic pultrusion of a carbon fiber (CF)-polyamide 12 (PA12) prepreg, consisting of discontinuous matrix and carbon fibers, was examined. A series of experiments has been conducted to evaluate the influence of the processing parameters, such as temperature and pulling speed, on the final properties of the profile, especially the mechanical properties.
EXPERIMENTAL Material
The pultrusion experiments have been conducted with a hybrid carbon fiber yarn, having the trade name TPFL from Schappe Techniques, France. This yarn combines discontinuous CF and PA12 fibers (Figure 1 ). The CF are produced from continuous yarn, which is broken up into discrete sections using a technique that removes the weak points of the fibers and improves their characteristics by increasing their tenacity and spinability. Table 1 gives some characteristics of the yarn. The melting point of the PA12 matrix was about 177 C, as determined using differential scanning calorimetry (DSC).
Pultrusion Facility
Rectangular profiles have been manufactured using the self-designed pultrusion facility available at Institut fu¨r Verbundwerkstoffe, Kaiserslautern, Germany ( Figure 2) . From right to left, the CF-PA12 yarn is stored in a creel stand, then it is guided into the preheating chamber, where it is heated to a temperature near the melt temperature of the PA12 fibers. Immediately after preheating, the yarn bundles are pulled through the heating die where Pultrusion of Carbon Fiber-Polyamide 12 Yarn the polymer should melt before being fully consolidated in the cooling die. The profile is pulled through the different dies with a pulling device placed at the end of the pultrusion line. The preheating zone is 0.6 m long, and its temperature can be varied. In the first set of experiments, hot convection air was used, afterwards preheating was applied using a heated contact pin device placed in this preheating chamber. The device consists of three copper pins heated with a heating cartridge (Figure 3 ). The fiber bundles were pulled over the first pin, under the second one, and finally over the third one. This enables a quick and homogeneous heat repartition over the fiber bundles and an accelerating preheating process [14, 16] .
The die system consists of one heating die and one cooling die, separated by a narrow gap. The heated die cavity is 80 mm in length, and it is tapered at the entrance to facilitate the fiber supply and to build up some internal consolidating pressure profile. The final section geometry is 3.5 Â 10 mm 2 . The cooling die is placed after the heated die to ensure a good consolidation, using circulating water for cooling. The die consists of a lower and an upper part, which are screwed together, so that it is possible to vary the height of the cavity. During all the experiments conducted in the present study, the cooling die was maintained at room temperature. The dies were 
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Heating die inlet machined from tool steel, and the inside of their cavities were chromeplatinated. Hundred fiber bundles were required to fill the die cavity. The temperature of the preheating systems, as well as of the heating die, are controlled steadily through the measurements of thermocouple probes located in the preheating chamber, in the contact pin device, and also in the heating die.
The processing parameters examined in this study were preheating and heating die temperature, as well as pulling speed.
CHARACTERIZATION METHODS
To quantify the effect of the processing parameters on the product quality, two types of mechanical tests were carried out, i.e., a three-point bending, and a shear test.
Flexural loading is the main loading type for profiles, and the flexural properties are influenced not only by the reinforcing fibers, but also by the matrix. In the present case, the flexural modulus and the flexural strength were determined. The span between the supports was 64 mm, and the crosshead speed was 2 mm/min. The specimens were cut from the profile with a length of 80 mm and a cross section about 3.5 Â 10 mm 2 . Five specimens from each pultrusion run were tested.
The shear strength is known to be more sensitive to process variations than the bending strength or modulus, because numerous parameters influence this property: the fiber-matrix adhesion, the properties of the matrix and the fibers, the void content, and the matrix crystallinity [9, 16] . It was determined using an interlaminar shear device (ISD) also called compression shear device (CSD) developed by Lauke et al. [17, 18] for small sections of filament wound rings. It is, however, also suitable for short, straight specimens. The ISD test involves shearing a specimen to failure along the direction of the fibers by applying a compression load. The principle of the ISD is shown in Figure 4 . A 10-mm-long specimen is clamped between two shear knifes, with the fibers oriented parallel to the shear area. The device is installed in a static testing machine, which applies a load. The testing speed is fixed at 1 mm/min. In the calculation of the shear strength, not only the force and the cross section, but also the cantilever ratio has to be taken into account.
The average shear strength is calculated by Equation (1):
where F eff ¼ ðl k =l s Þ Â F, and h is the length of the specimen; b is the width of the specimen and F is the maximum load or load on the specimen to failure.
The ISD test offers the advantage of being a very simple test to conduct. Equation (1) assumes that the shear stress through the specimen is uniform. This would require a specimen without defects and a homogeneous stress distribution, which is in practice not possible. But it gives a quick and simple estimate of the average shear strength of the composite at failure, since it is easy to determine when the specimen fails due to the brittle nature of the failure. It corresponds directly to Mode II fracture. Additionally, it gives a simpler and better-defined shear stress distribution, when compared to a standard short beam shear (SBS) test [19] . The latter leads to a complex failure mechanism, a pure shear stress state is not induced anywhere and it introduces an uncertainty in determining the failure stress. On the other hand, the ISD test specimen leads to failure in pure shear. The failure occurs in the center region and the stress distribution shows a relatively uniform shear stress along the centerline, which is the expected delamination region [20] . A limitation of the test is that the shear modulus cannot be determined.
The void content was determined by the gravimetrical method. Initially, the specimen density was determined using the buoyancy-flotation method. The weight measurements of each specimen were carried out once in air and once in a liquid with a certain density (in this case water), and the experimental density ( arch ) of the specimen was then evaluated using Equation (2): where, m a is the weight of the specimen in air, m w is the weight of the specimen in water, and w is the density of the liquid.
Then, assuming the same specimen to be void free, the theoretical density ( th ) was calculated using the rule of mixture (Equation (3)):
where F and M are the densities of the carbon fiber and the matrix, respectively, and V F and V M refer to their volume contents in the specimen.
For the determination of the fiber volume fraction, the specimen was put in %100 mL formic acid for about 3 h at 180 C. After this period, the matrix was totally removed. After cooling, formic acid and the dissolved matrix were filtered using a small glass filter with a porous bottom. The residual carbon fibers were washed with ethanol, dried in an oven at 100 C for a couple of hours, and finally weighed at room temperature. The void content was calculated from the ratio of experimental density theoretical density.
RESULTS AND DISCUSSION
The influence of the preheating method was studied by conducting experiments at increasing pulling speed. Earlier studies have shown the importance of a sufficient matrix preheating on the final impregnation quality [9, 13, 15] . During the pultrusion of GF-PP yarn, a preheating temperature slightly below the melting temperature of polypropylene was found to be most appropriate [13] . Based on these results, the preheating temperature was chosen at 170 C, which corresponds to a temperature slightly below the melting point of the PA12.
Here, it is important to mention the problem encountered with yarns containing discontinuous fibers. As the matrix softens, the yarn automatically loses its strength and it runs the risk that some fibers break. Attention should be paid to avoid a complete melting of the polymer in the preheating chamber. On the other hand, a sufficiently high preheating temperature offers the advantage that the matrix viscosity is low enough, which leads to a decrease of the pulling force in the heating die and also reduces the risk of fiber breaking in the heating die. A load cell placed on line with the die system permitted control of the pulling force during our experiments. However, it served only for a qualitative estimate since it was impossible to record the pulling force.
At a preheating temperature of about 170 C, the matrix did not melt before entering the heating die and the yarn retained a certain strength.
However, experiments conducted at a low speed and a preheating temperature above 180 C showed that the matrix started to melt in the vicinity of the contact pins device, and some yarns broke.
A set of experiments were conducted using different preheating methods. The preheating temperature was 170 C, the heating die temperature was 205 C. Flexural strength and flexural modulus as a function of pulling speed and preheating method are represented in Figure 5 , but they did not exhibit any significant variation within the speed range studied. However, the shear strength reacts more sensitively. In Figure 6 , we can see that at a low pulling speed no significant difference is observed between using air preheating or contact pins. An increase in the pulling speed clearly results in a decrease in shear strength, as well as an increase in the void content by using hot air for preheating. However, by using the contact pin device, the shear strength 'starts' to decrease at a pulling speed of around 20 cm/min while the void content increases. Finally, while using a combination of hot air ovencontact pins, it is evident that higher shear strength and low void content are achieved even at high pulling speeds, which confirms the efficiency of such a preheating combination [16] , where heat transfer is considerably enhanced.
Further experiments were conducted systematically to determine the influence of pulling speed and heating die temperature on the profile properties. Within the course of this study, contact preheating combined with hot air, both at a temperature of 170 C, was used. The void content versus heating die temperature at various pulling speeds is shown in Figure 7 (note that v refers to the pulling speed on the figures). It is obvious that an increase in the pulling speed requires a higher heating die temperature to sufficiently melt the polymer, to achieve an acceptably low void content. It should be pointed out that a void content up to 2% constitutes a commonly acceptable value for composite material (but not for aerospace). This is confirmed by the DIN EN 13706 standard [21] , which reports that 2% of internal porosity constitutes an acceptable limit for the pultruded profiles. However, at a low pulling speed, a further increase in the heating die temperature leads to an increase in the void content. This can be explained by the fact, that during the process the matrix viscosity decreases so much, that the matrix can flow back from the die, or 
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the matrix can even start to degrade. Furthermore, the figure shows that at pulling speeds above 60-70 cm/min, a low void content can no longer be reached, since the residence time of the material in the die system, as well as in the preheating zone, is too short to allow good melting. Here, an increase in the preheating zone temperature could certainly be advantageous at a high pulling speed, on the condition that the matrix does not melt completely.
The results of such investigations are not reported in the present study. One should note that the tool temperature and the pulling speed have a combined influence on the impregnation quality. First, the temperature influences the matrix viscosity and, consequently, the pressure inside the die. An increase in the temperature leads to a decrease of the matrix viscosity, which in turn tends to reduce the pressure. In general, a sufficiently low viscosity combined with a sufficiently high pressure should act favorably on the fiber impregnation. Second, the pulling speed determines the residence time of the polymer in the die system and, consequently, influences the temperature the polymer can reach, which in turn influences the matrix viscosity and the pressure, as developed earlier. However, as it is demonstrated in [9, 13] , an increase in the pulling speed generally leads to an increase of the pressure in the tapered entrance of the heating die, which benefits the impregnation process. On the other hand, high pulling speed can lead to insufficient consolidation time. However, it should be pointed out that at low pulling speed the polymer matrix is exposed to high temperature over a long time, which can lead to degradation.
One should also consider the pulling force encountered in the pultrusion process. The different mechanisms contributing to the pulling force are known to be the friction resistance, which refers to the friction of the materials against the die wall; the viscous resistance, which is the force generated by the shear flow in the thin region between the pultruded mass and the die wall; as well as the compaction resistance, which represents the resistance due to the compaction of the fiber and of the matrix in the tapered angle of the heating die. In the pulling force model, presented by Astro¨m and Pipes [22] , it is demonstrated that the viscous and compaction components increase, and, consequently, the pulling force, by increasing the pulling speed. Similarly, the pulling force increases, if the die temperature is too low, due to a high matrix viscosity. As mentioned, a serious increase in the pulling force can cause fiber breaking and thus be fatal to the process.
Furthermore, at too low viscosity, e.g., due to the high temperature at a low pulling speed, and/or high pressure, the matrix tends to flow back from the heating die and accumulate at the entrance.
All the aforementioned reasons explain the difficulty to clearly separate the influence of both, the pulling speed, and the die temperature. Figures 8 and 9 display the effects of the processing parameters on the shear strength. In Figure 8 , it can be observed that the shear strength is strongly dependent on the pulling speed; an increase in the pulling speed causes a decrease in the shear strength, whereas the effect of the heating die temperature is less pronounced than in the case of the void content. A possible explanation is that the preheating temperature was already too high; in [8] it is observed that the heating die temperature shows only a significant influence on the mechanical properties, if the preheating temperature is set to a quite low level. Figure 9 shows the shear strength as a function of the void content and pulling speed. Here, it should be noted that the profiles, which exhibit similar void content, but have been pultruded at different pulling speed, exhibit different shear strength values. It suggests that the shear strength is not only dependent on the void content, but also on the pulling speed, Pultrusion of Carbon Fiber-Polyamide 12 Yarn as stated earlier. The pulling speed strongly influences the material properties, like for instance the crystallinity. Finally, we defined a target area ( Figure 9 ) using shear strength values exceeding 80% of the maximal achieved shear strength and maximal porosity <2%. Here the maximal shear strength achieved is around 45 MPa. Effects of the processing parameters on the flexural properties are depicted in Figures 10 and 11 . The pulling speed has similar influence on the flexural properties as well as on the shear strength, where an increase in the processing speed automatically causes a decrease in the flexural properties. However, the effect of heating die temperature is less pronounced. A drop is observed only after exceeding a certain temperature. As mentioned earlier, a possible explanation was that the preheating temperature was already too high so that the heating die temperature showed no significant influence on the mechanical properties. The longitudinal modulus of the fiber-reinforced composites can be evaluated theoretically. In the case of a unidirectional continuous fiber reinforcement, the rule of mixtures (Equation (4)) can be applied [23] :
where E F and E M are the modulus of the carbon fibers and the PA12 matrix, respectively, and V F is the carbon fiber volume content. However, if the fibers are discontinuous, the modulus can be estimated using Equation (5) [23] :
where
The values of V F and d F are given in Table 1 . Considering E F ¼ 238 GPa, E M ¼ 1.2 GPa, and an average carbon fiber length L of 100 mm, we calculated the modulus from Equations (4) and (5). In both the cases, the numerical value for E 1 is '131 GPa. This means that, although the carbon fibers in the material are discontinuous, the mechanical properties are similar to those of a continuous fiber-reinforced composites. This can be explained by the high aspect ratio of the carbon fiber, i.e., the ratio of fiber length to fiber diameter. It is obvious that the modulus determined from the experiments (Figure 11 ) is about half of the calculated value. One should note that we experimentally determined the flexural modulus, while the value calculated earlier referred to the Young's modulus, or tensile modulus. For this reason we cannot directly compare the theoretical and experimental moduli. One should mention that using long fiber instead of continuous fiber in thermoplastic composites offers some advantages in the postshaping process.
A simple visual inspection of the different specimens revealed an important variation in the surface quality. At a low pulling speed, the pultruded profiles exhibited high roughness, whereas a further increase of the pulling speed led to a profile with a relatively smooth surface, like a rich matrix layer. It is shown in Figure 12 , on the upper profile that it is possible to distinguish some carbon fibers on the surface, whereas the lower specimen exhibited a relatively glossy surface. In addition to the high roughness, some profiles pultruded at low speed exhibited a final cross section slightly different from the final heating die section of 3.5 Â 10 mm 2 . These results were confirmed by the microscopic analysis, in the micrographs from Figure 13 , one can clearly distinguish the difference in surface roughness. This phenomenon can be explained by the fact that at a low speed, the profile spent more time in the gap between the heating and cooling dies. Due to the negative thermal expansion coefficient of the carbon fiber, the profile tends to expand at the exit of the heating die with the consequence that the profile can enter the cooling die only if the latter is slightly open. One should also take the shear force between the outer part of the profile and the die wall into account. At high pulling speed, the pulling force increases and the matrix tends to be ''stretched'' which could explain the smooth surface. Additionally, one should consider the cooling process. At low pulling speeds, the profile spent enough time in the cooling die and could solidify over its entire cross section. However, at a high pulling speed, only the outer layer of the profile was solidified after leaving the die and its center cooled down slowly. This problem was not investigated here in detail but this could also partly explain the difference observed in the surface quality. 
CONCLUSIONS
In this study, the first attempt to pultrude the profiles from a CF-PA12 yarn with discontinuous carbon fibers was successfully conducted. The influence of process parameters on the profile quality was systematically investigated. A satisfactory void content below 2% was possible to achieve. The pulling speed seems to have the greatest influence on the profile quality. The interlaminar shear strength was the most sensitive to process parameter variation and can easily be used as a quality control parameter.
In spite of the presence of discontinuous fibers in the yarn, profiles with good mechanical quality were produced. This offers a new application field to this material and consequently open a new market for the material supplier. Furthermore, it should be interesting to exploit the possibility of post-shaping the profile.
